Introduction
It has recently been recognized that annihilation of dark matter in the form of Weakly Interacting Massive Particles (WIMPs; e.g. the lightest supersymmetric or Kaluza-Klein particles, or an extra inert Higgs boson) may have generated a first population of stars with properties very different from the canonical population III [1] . Because the first stars are likely to form in the high-density central regions of minihalos, annihilation of dark matter into standard model particles could serve as an additional energy source alongside or instead of nuclear fusion within these objects. This leads to the formation of so-called dark stars, which are predicted to be cooler, larger, more massive and potentially longer-lived than conventional population III stars [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] .
A significant population of high-redshift dark stars could have important consequences for the formation of intermediate and supermassive black holes [9, 14] , for the cosmic evolution of the pairinstability supernova rate [15] , for the reionization history of the Universe [16] and the X-ray and infrared extragalactic backgrounds [16, 17] . Effects such as these can be used to indirectly constrain the properties of dark stars, but no compelling evidence for or against a dark star population at high redshifts has so far emerged.
Direct detection of dark stars with the James Webb Space Telescope
In a recent paper [18] , we explore the prospects of detecting dark stars with the upcoming James Webb Space Telescope (JWST, scheduled for launch in 2014). Using the TLUSTY [19] and MARCS [20] stellar atmosphere models, we derive the JWST broadband fluxes of the Spolyar et al. [9] M 10 3 M ⊙ dark star models 1 . We find, that even though all of these dark stars are intrinsically too faint to be detectable at z ≈ 10, gravitational lensing by a foreground galaxy cluster (with magnificication µ ∼ 100) can in principle lift some of these dark stars above the JWST detection threshold. Even though this takes care of the brightness issue, lensing may at the same time render the surface number densities of high-redshift dark stars too low for detection. To predict the expected number of detections behind a single galaxy cluster, we use the Trenti & Stiavelli ( [21] ) predictions for the cosmic star formation rate of population III stars in minihalos and adopt MACS J0717.5+3745 at z = 0.546 as the primary target cluster (arguably the best lensing cluster currently available for studies of high-redshift objects [22] ). We find that a handful of z ≈ 10 dark stars may in principle be detected in very deep JWST exposures (≈ 30 h per filter) of this cluster, but that this requires that the typical dark star lifetimes are long ( 10 7 yr) and that the fraction of population III stars that go through a dark star phase is very high ( 0.1). Even though these are admittedly very challenging observations, this may be the only way to directly detect M 10 3 M ⊙ dark stars at high redshifts in the foreseeable future.
Direct detection of supermassive dark stars with the Hubble Space Telescope
Recently, Freese et al. [11] speculated that dark stars might grow to become even more massive than in the Spolyar et al. ( [9] ) models, eventually reaching masses of up to 10 7 M ⊙ . As is to be expected, such supermassive dark stars would be sufficiently bright to be seen at z ≈ 10-15 with JWST, even without the lensing boost of a foreground galaxy cluster. While there are several unresolved issues concerning the fueling and stability of such extreme objects, the most massive ones are also strongly constrained by existing observations. Using TLUSTY stellar atmosphere models, we predict that ∼ 10 7 M ⊙ dark stars should be sufficiently bright at z ≈ 10 to be readily detected with the Hubble Space Telescope (HST) or 8-10 m class telescopes on the ground [23] . Based on the non-detection of z ≈ 10 candidates at the relevant H-band fluxes (H AB ≈ 26 mag) in current survey data, we find that ∼ 10 7 M ⊙ dark stars must be very rare and/or short-lived to meet these observational constraints.
Nebular emission from hot dark stars
All current estimates of the fluxes of dark stars are based either on black body spectra [11] or on stellar atmosphere models [18, 23] . However, the hottest (T eff 30000 K) dark stars may photoionize the gas in their host halos, thereby producing bright HII regions which could substantially boost the observed fluxes of these stars. The dynamical evolution of this gas is very complicated to predict in detail (see e.g. [24, 25] for simulations relevant for conventional population III stars), and even if there initially is enough gas left in the halo to form an ionization-bounded nebula (and this is questionable in the case of supermassive dark stars), the gas may eventually be ejected from the halo. At that point, a huge, low surface brightness nebula will form in the intergalactic medium and is unlikely to contribute substantially to the fluxes of dark stars captured through aperture photometry in HST or JWST images. However, in the phase where the HII region remains compact and confined within the dark star halo, the observed broadband fluxes may be substantially boosted, in analogy with the case for young galaxies at high redshifts [26] .
In Fig. 1 , we estimate the flux boost due to nebular emission around the 10 5 -10 7 M ⊙ , T eff = 51000 K dark stars predicted by Freese et al. ([11] ; their Table 4 ) by sending the TLUSTY stellar atmosphere spectra of these stars through the photoionization code Cloudy [27] . These calculations assume a spherical, constant-density (n(H) = 10 2 cm −3 ), ionization-bounded nebula with no holes in the gas. This results in zero Lyman continuum leakage into the intergalactic medium, and therefore represents an upper limit on the likely flux contribution from nebular gas to the total fluxes of these dark stars -both gas ejection from the halo and leakage through low-density regions ("holes") in the nebula would render it lower. Nonetheless, this exercise shows that nebular emission may boost the H-band fluxes of these dark stars by up to ≈ 1 mag at z ≈ 10 and ≈ 2 mag at lower redshifts. The expected colours of such dark stars will therefore also change due to the inclusion of nebular emission, just as in the case for young or star-forming galaxies (e.g. [28, 26] ). Hence, nebular emission may play a crucial role in the observational pursuit for hot dark stars at high redshifts.
